The effect of intrinsic strain on grain growth in Cu thin films was studied by both plan-view and cross-sectional scanning ion microscope in a focused ion beam system. Significant grain growth with bimodal grain size distribution was observed during room temperature storage in the Cu films which were deposited on the Si 3 N 4 substrates by a sputter-deposition technique. In the thick Cu films, a non-uniform grain size distribution was observed along a direction normal to the film surface: the large grains were observed at the location close to the substrate surface. This grain size distribution coincided with inhomogeneous strain distribution normal to the film surface. We concluded that the grain growth in the Cu thin films was facilitated by the strain intrinsic in the Cu films deposited on the rigid substrates, and that strain (or stress) introduced in the films was a primary factor to induce the grain growth in the Cu films at room temperature.
Introduction
Copper is attractive as interconnect materials of current Si-ULSI (Ultra-Large Scale Integrated) devices with line width of $130 nm. The advantages of using copper (over conventional Al-alloy) as the interconnect materials are lower electrical resistivity and higher reliability. However, we have concern to use the Cu interconnects in the sub-50 nm devices, because the resistivity of the Cu interconnects increased rapidly by reducing the line width. [1] [2] [3] The reason was believed to be due to the relatively long mean free path ($39 nm) of the conducting electrons in copper. Upon reducing the line width of the Cu interconnects down to less than 100 nm, the mean free path of the electrons in copper approaches to the line width, and the electrons scatter at the surfaces, interfaces, and/or grain boundaries, leading to drastic resistivity increase. A device designer requires the interconnect resistivity of less than 2.2 m-cm to realize high-speed ULSI devices with 65 nm wide interconnects. 4) In order to realize the nano-scale Si-devices, development of ultra-narrow copper interconnects with low resistivity is essential. Our recent experimental results suggested that the grain boundary scattering increased primarily the resistivity of the Cu thin films, 5) indicating that large grained films are essential for the low resistivity narrow copper interconnects. Therefore, understanding of grain growth mechanisms in the Cu thin films is extremely important to reduce the electrical resistivity of the Cu interconnects.
When the Cu films were annealed at elevated temperatures after the film deposition, a few grains grew locally at the expense of the smaller neighboring grains. 6) This bi-modal grain growth, which led to an inhomogeneous grain size distribution, was conventionally called as ''abnormal grain growth''. 6) Many researchers have observed the abnormal grain growth in the Cu thin films during annealing at elevated temperature after the film deposition. [7] [8] [9] In the electroplated Cu films which are widely used in the manufacturing Si-ULSI devices, this abnormal grain growth was observed even at room temperature storage. [10] [11] [12] [13] [14] [15] [16] [17] Cabral et al. 14) and Ueno et al. 16) observed relaxation of stress (introduced in the electroplated Cu film) and grain growth simultaneously during room temperature storage. Harper et al. 15) suggested that the stress change was caused by the volume change associated with elimination of grain boundaries using a grain growth model proposed by Chaudhari.
18) Gross et al. [11] [12] [13] and Brongersma et al. 17) suggested that organic additives added to plating solutions which contained in the Cu films during electrodeposition might enhance grain growth in the electroplated Cu films at room temperature.
We previously reported that the room temperature grain growth occurred in the Cu films which were prepared by a sputtering technique, and concluded that the organic additives (needed in electroplating) are not only the primary factor for the Cu grain growth. Since Cu films have intrinsic strain when deposited on the rigid substrates, the strain introduced in individual grains of the Cu film was concluded to be the primary factor to induce the abnormal grain growth. 19) Strain in the metal films is generally induced from the rigid substrate and strain distribution would not be uniform. This non-uniform strain was observed for blanket Pb films in a direction normal to the substrate surface. 20) Thus, if the strain is the primary factor for grain growth at room temperature, the grain growth in the Cu films would be effected by the strain gradient and that the grain growth rates are different in direction normal to the substrate surface. This growth mechanism may explain the abnormal grain growth mechanism observed parallel to the film surface.
The primary purpose of the present experiment was to study the effect of the strain distribution in a direction normal to the substrate surface on the grain growth, and to understand the abnormal grain growth mechanism in the Cu thin films. We deposited relatively thick Cu films with various thicknesses (100 nm$6 mm) on the rigid substrate by the sputter-deposition technique. The microstructures were analyzed by focused ion beam (FIB) spectroscopy in both plan-views and cross-sectional. These studies will provide us a guideline for developing the low resistance Cu films with large grain size.
Experimental Procedures
(100)-oriented Si wafers, which were coated with chemical-vapor deposited (CVD) Si 3 N 4 , were used as the substrates. Prior to sputter-deposition, the substrates were ultrasonically cleaned with acetone and IPA (isopropyl alcohol) for 3 min/each. After blowing with dry N 2 gas, the substrates were mounted on the sample holder and immediately loaded into the load-lock chamber of the radiofrequency (RF) magnetron sputtering system. The substrates were transferred to the deposition chamber with the base pressure of about 1 Â 10 À6 Pa through the load-lock chamber. The Cu films with thicknesses ranging from 100 nm to 6 mm were deposited by RF sputtering onto the Si 3 N 4 substrates which were cooled by water during deposition. The working pressure during the deposition was about 5 Â 10 À1 Pa. The samples were annealed isothermally at room temperature in air. Microstructural analysis of the Cu films was carried out by scanning ion microscope (SIM) in the focused ion beam (FIB) system. SIM observations were performed in both plan-views and cross-sectional. For the cross-sectional SIM observations, the samples were milled by the FIB system. The electrical resistances in the Cu films were measured by a four-point probe method.
Experimental Results

Cu films with 100 nm thick
Figures 1(a)-(d) show the plan-view scanning ion microscope (SIM) images of the 100 nm-thick Cu film deposited on the Si/Si 3 N 4 substrate after storing at room temperature for 4 h, 6 h, 9 h and 16.5 h, respectively. As shown in Fig. 1(a) , the as-deposited Cu films are found to have both large and fine grains. The sizes of the most grains are extremely small (<20 nm), and are about one-fifth of the film thickness. However, large grains in the range of 100 nm to 1 mm in size are locally observed. As the storage time increases, the large grains grow at the expense of the small grains and the fraction of the fine-grained area decreases as seen in Figs. 1(a)-(d) . These large grains continue to grow while the surrounding small grains are stable. This bi-modal grain growth rate leads to an inhomogeneous grain size distribution in a direction parallel to the film surface. The present result clearly demonstrated that the room temperature grain growth, which has been previously reported for the electroplated Cu films, [10] [11] [12] [13] [14] [15] [16] [17] also occurred extensively in the sputter-deposited Cu thin film, which do not contain additives (added to the plating solutions). Thus, the additives (added in the electroplated Cu films) are not only the primary factor to induce room temperature grain growth in the Cu films. Figure 2 shows changes of (111) XRD peak profiles of the 100 nm-thick Cu film deposited on the Si/Si 3 N 4 substrate during room temperature storage. The (111) peak intensities increase during room temperature storage, while the halfwidths of the (111) diffraction peaks decrease. These results indicate that the (111) oriented grains in the Cu film grow during room temperature storage. Figure 3 shows changes of electrical resistivities () of the 100 nm-thick Cu film during room temperature storage. The resistivity of the as-deposited Cu film is 3.35 m-cm, which is about two times larger than the value of the bulk Cu (1.67 m-cm). The resistivity drastically decreases at the initial stages of the room temperature storage. The rate of the resistivity decrease becomes extremely slow after 100 h. The value is 3.0 m-cm at 5 hours after the deposition, decreases over a period of 300 hours, and reaches a value of about 2.55 m-cm. Considering the results shown in Figs. 1 and 2 , the reduction of the values is explained by the reduction of the grain boundary density in the film due to grain growth as observed previously. 19) 
Cu films with large thickness
Figures 4(a)-(f) are the plan-view SIM images of the Cu films with the thickness of 1 mm deposited on the Si/Si 3 N 4 substrate after storing at room temperature for 4 h, 7 h, 10 h, 12 h, 15 h and 21.5 h, respectively. The grain growth behavior of the 1 mm-thick Cu film is similar to that observed in the 100 nm-thick Cu film shown in Fig. 1 . However, the grain growth rate of the 1 mm-thick Cu film is slower than that of the 100 nm-thick Cu film. As shown in Fig. 4(a) , a homogeneous grain size distribution is observed and the average grain size is quite small ($20 nm) in the film after 4 hours storage. This homogeneous size distribution was not observed in the 100 nm-thick Cu film of Fig. 1(a) . Although a fraction of the fine-grained area decreases as the storage time increases, about 25% of the total area is covered with the finegrained area even after 21.5 hours storage as shown in Fig. 4(f) . Figure 5 shows changes of (111) XRD peak profiles of the 1 mm-thick Cu film deposited on a Si/Si 3 N 4 substrate during room temperature storage. The peak intensities increase during room temperature storage, indicating that the (111) oriented grains grow during room temperature storage. Figure 6 shows changes of electrical resistivities () of the 1 mm-thick Cu film during room temperature storage. The resistivity decreases with increasing storage time similar to the behavior observed in the 100 nm-thick Cu film. However, the resistivity of the as-deposited 1 mm-thick Cu film is 2.35 m-cm which is smaller than the value of the asdeposited 100 nm-thick Cu film, albeit the average grain size of the 100 nm-thick Cu film is larger. The present experimental results shown in Figs. 5 and 6 suggest that the grain size of the as-deposited 1 mm-thick Cu film is not uniform along a direction vertical to the film surface and that grains close to the Si 3 N 4 substrate would have larger sizes.
In order to investigate the microstructure of the Cu films vertical to the film surface, cross-sectional SIM observation was carried out. Figures 7(a)-(f) show cross-sectional SIM images of the 1 mm-thick Cu film after storage at room temperature for various times. As shown in Fig. 7(a) , the 1 mm-thick Cu film stored for 4 hours at room temperature after deposition is composed of two layers: large grains at a location close to the substrate surface (0:3$0:6 mm from the bottom), and small grains close to the film surface (<20 nm from the top). The thickness of the large grained layer is about 0.4 mm. After 46 hours storage at room temperature, these large grains at the bottom of the film grow toward the film surface at the expense of the fine grains in the top layer.
Such the abnormal grain growth which initiated from the film/substrate interface was clearly observed in a 6 mm-thick Cu film (Fig. 8) . After 7 hours storage at room temperature, the thickness of the large grained layer is about 1 mm from the bottom (Fig. 8(a) ). During storage at room temperature, the large grains at the bottom grow at the expense of the small grains at the top layer. The thickness of the large grained layer at the bottom increases to about 3 mm after 33 hours storage (Fig. 8(c) ). This abnormal grain growth at room temperature continues over a period of 60 days (Figs. 8(a) -(e)). Note that the average thickness of the large grained layer is about 4 mm and some large grains reach at the film surface, while the small grains at the top of the film are stable (Fig. 8(e) ).
Discussion
4.1 Effect of horizontal strain distribution on the abnormal grain growth in Cu thin films As shown in Figs. 1 and 4 , the as-deposited Cu films were found to have the very fine grains (<20 nm). The films with fine-grains are thermodynamically unstable since the films have a high density of grain boundaries with large grain boundary energy. This large grain boundary energy provides a ''macroscopic'' driving force for grain growth. Grain growth takes place to reduce the grain boundary energy if sufficient thermal energy is given to migrate the grain boundaries.
We previously reported that significant grain growth occurred during room temperature storage in the sputtered Cu films deposited on the rigid substrates, and that no grain growth occurred during room temperature storage in the freestanding Cu films. 19) The previous experimental results suggested that the grain growth in the Cu films did not occur at room temperature unless additional energetic assistance to enhance grain boundary migration was given to the films.
In general, intrinsic strains (or stresses) are observed in metal films deposited on rigid substrates. 20) The intrinsic stress in the sputter-deposited Cu films is of the order of 10-10 2 MPa. 21, 22) The intrinsic strains could provide such the energetic assistance to the room temperature grain growth in the Cu films bonded to the rigid substrates. If the strain exceeds the yield stress of the film, the strain in the film will be relaxed by several deformation (or strain relaxation) mechanisms which may operate simultaneously, and the strain relaxation mechanisms have dependence on the film microstructure.
23) The stored energy of each grain after strain relaxation has also dependence on the film microstructure, and such complex deformation processes will lead to wide energy distribution. 23) For a polycrystalline film in which grains have various sizes and crystal orientations, the strain energy stored in each grain depends on both the grain size or crystal orientation. 23) Since Cu has strong anisotropy in the elastic constants, an inhomogeneous elastic strain energy distribution is introduced in the film. We strongly believe that this wide energy distribution among grains of the Cu film would induce abnormal grain growth in Cu films.
Effect of vertical strain distribution on the abnormal
grain growth in Cu films A vertical non-uniform grain size distribution in the Cu film observed in Figs. 7 and 8 would be due to a non-uniform vertical strain distribution in the Cu film. Strain and stress in metal films are generally introduced from the rigid substrate and non-uniform strain distribution was observed for blanket films in direction normal to the substrate surface. 24) An exponential thermal strain distribution normal to the film surface was experimentally determined for Pb thin films using X-ray line broadening analysis. 24) An empirical exponential strain distribution given by,
where " n is the strain at the film/substrate interface, " m is the average strain in a small volume element at a distance (h m ) from the film surface, and 1= is a proportionality constant. This strain distribution is indicated by arrows shown in Fig. 9 . The large strain close to the substrate enhances the growth of the grains located close to the substrate (the bottom of the film). As the film thickness increases, the influence of the strain introduced to the film from the interface becomes weak, and the top layer approaches to the properties of the free-standing film (or the bulk materials). The strain close to the top surface of the thick film is almost relaxed to zero. Therefore, as the film thickness increases, the grain growth rate close to the top surface becomes extremely slow as observed previously in the free-standing films. 19) The grains which grow very quickly from the bottom to the top surface figure the large grains when observed from the top view and vice versa. This growth mechanism also results in abnormal grain growth when the observation is made on the film surface. The present results indicate that the non-uniform strain (or stress) distribution in the film causes wide grain size distribution normal to the Cu film surface, and that strain introduced from the substrate and strain relaxation mechanisms are the key factors to control the grain growth in the Cu films. Therefore, the properties of the interface between the substrates (or the barrier layers) and the Cu films have an important role to control grain growth behaviors in the Cu films.
Summary
Microstructures of the sputtered Cu films were analyzed by both plan-view and cross-sectional scanning ion microscope in a focused ion beam system. Significant grain growth (with bimodal grain size distribution) was observed during room temperature storage in the Cu films deposited on the Si 3 N 4 substrates. When the film thickness was greater than 1 mm, room temperature grain growth occurred close to the film/ substrate interface, while the grains close to the top of the film were stable. The present results suggested that the grain growth kinetics in the Cu films were strongly influenced by the existence of the rigid substrates, indicating strain (or stress) introduced in the films was a primary factor to induce the grain growth in the Cu films.
